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Abstract

:

External interference in ionospheric sounding seriously degrades the quality of echo signals and data; thus, it should be eliminated. This paper presents a method for suppressing interference using chaotic coding with a set of Bernoulli map sequences; compared with other commonly used coding methods such as Barker code, complementary code, and Barker-like codes, through simulation, the ambiguity function (AF) of Bernoulli map codes has better performance in terms of peak sidelobe level (PSL), integral sidelobe ratio (ISL), noise suppression (NS), and signal-to-noise ratio (SNR). Experimental tests were performed using a vertical ionosonde in Yinchuan, Ningxia Hui Autonomous Region, China, and the ionosonde was operated by alternating 40-bit Barker-like coding and 40-bit Bernoulli map coding each day to compare the effectiveness of interference suppression. The results showed that using Bernoulli map coding could remove interference and improve SNR significantly, thereby improving the data quality of the resulting ionograms.
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1. Introduction


The Chaotic Coding Digital Ionosonde (CCDI) was developed by the National Space Science Center (NSSC), Chinese Academy of Science, and deployed in 2020 in Yinchuan, China [1,2,3]. Originally, the ionosonde employed a 40-bit Barker-like code, intercepted from a 31-order m sequence [4], for a better tradeoff between high pulse compression ratio (PCR) and low sidelobe compared with Barker code and complementary code, but this led to distinct coherent interferences in some frequencies; the consequent spurious signals were present in the autocorrelation waveforms and the ionograms. To address this problem, a set of 40-bit chaotic sequences was applied for the first time, and the desired effect was achieved.



The electromagnetic environment from the sky is very sophisticated. Co-channel radio broadcasts, wireless communication and Radar, etc., may be the main sources causing interference to the ionosonde [5]. The two most commonly used pulse codes are 13-bit Barker and 16-bit complementary for interference suppression [6,7,8,9,10,11,12,13]. They have autocorrelation functions (ACF) with high main lobes and insignificant sidelobes; specifically, the sidelobes cancel each other while averaging a pair of complementary sequences. It is more attractive to use longer encoding to obtain a higher pulse compression ratio and better interference suppression performance. A 1019-bit Legendre code, proposed for bistatic oblique sounding, can minimize interference [14]. A 63-bit m sequence and a 64-bit Wolfman–Goutelard (WG) sequence were employed in inter-pulse coding mode to suppress interference [13,15]. A complete complementary code consisting of four sets of 4-order 16-bit complementary sequences was proposed for multi-station ionospheric oblique sounding to address the coherent interference problem [16].



All the proposals mentioned above are valuable for interference suppression, but if any external signals that are partially coherent with the ionosonde echo exist, the interference may not be eliminated by a single coding sequence or several pairs of complementary coding. So, it is well worth trying to use a set of statistically independent pseudorandom sequences to solve the problem. This paper introduces a set of 40-bit Bernoulli chaos sequences [17] in CCDI and, through describing a field experiment, illustrates its ability to essentially eliminate coherent interference (in contrast to 40-bit Barker-like coding) while significantly improving signal-to-noise ratio (SNR).




2. Chaotic Coding


2.1. Bernoulli Map


Bernoulli mapping is an excellent chaotic coding approach which has an ideal “thumbtack” ambiguity function and good statistical performance compared with other typical chaotic maps such as Logistic and Tent maps [18,19,20,21,22,23]. A one-dimensional Bernoulli map is expressed as Equation (1):


   x   n + 1     =             Bx   n   +   1 2       ,   x   n     <   0             Bx     n      -  1     2         ,   x   n    ≥    0         ,   1   . 4   <   B    ≤      2 ,   x   n    ∈    [   - 0   . 5 ,   0   . 5   ]   



(1)







A set of 40-bit pseudorandom sequences obtained via binary phase quantization and truncation are listed in Table 1. The sequences are non-periodic and random-like; every single sequence has a good autocorrelation property with a sharp spike at the origin and a small peak sidelobe level (PSL), and there is statistical independence between sequences.




2.2. Ambiguity Function of Different Codes


The ambiguity function indicates the matching degree between the original signal and the echo, and it is usually used to evaluate the performance of a system coding sequence. It represents the range and the Doppler frequency resolution and is denoted by |X(t,fd)| [24],


     X ( τ , f   d   ) =    ∫   - ∞   + ∞      u ( t ) u   *     ( t - τ ) exp ( j 2 π f   d   t ) dt   



(2)




where, u(t) is a sequence, fd shows a Doppler frequency shift, and t shows the time delay.



Equation (2) is a 2D ACF in time and frequency domain. When    f d   = 0   , it becomes a 1D ACF, it is generally used to extract range information and evaluates the PSL, integrated sidelobe level (ISL), and noise suppression (NS).



According to radar theory [24], PSL is defined as:


   PSL = 10 log       max     P m    /  P   0         



(3)




where Pm is the sidelobe power and m ≠ 0, P0 is the main lobe power.



ISL indicates the ratio of energy in the sidelobes to that in the main lobe and is defined as:


   ISL = 10 log    2   ∑    i = 1     N - 1        X  i     2        X  0     2     



(4)




where X(i) is the amplitude of i-th sample of the ACF and NS is defined as:


   NS = 10 logN   



(5)




where N is the length of the code sequence; it is also a factor of improved sequence SNR to a single chip.



If a system uses a set of different coding sequences rather than a single sequence, the accumulatively averaged ambiguity function is expressed as Equation (6):


     X ( τ , f   d   ) =   1 N      ∑    i = 1   N      ∫   - ∞   + ∞    u i     ( t ) u   i     *        ( t - τ ) exp ( j 2 π f   d   t ) dt   



(6)




where subscript i denotes the i-th sequence. For a pair of complementary codes, N = 2 [25,26], and for Bernoulli coding in CCDI, N = 100 is chosen in routine measurements.



This has been tested in [4], with code lengths ranging from 32 to 50 bits; 40-bit sequences perform best and are most suitable for the CCDI system. Figure 1 shows the normalized ambiguity functions and the ACFs of 13-bit Barker code, 16-bit complementary code, 40-bit Barker-like code, and 40-bit Bernoulli map code. The x-axis in the ambiguity function indicates the Doppler frequency shift, and the y-axis indicates the time delay. The position of the main lobe in the ambiguity function plot indicates the time delay  τ  and the Doppler frequency    f d    of the target.



Table 2 shows the main performance parameters of the different codes.



The following should be noted:




	
The main lobe width of ambiguity functions is related to the resolution of the encoding sequences. The narrower the main lobe, the higher the radar signal resolution.



	
The pulse compression ratio is proportional to the sequence length, and a longer sequence provides a narrower main lobe, which results in a higher resolution in consistent pulse duration, along with a higher SNR [24].



	
Theoretically, complementary code should present much better performance if the pair of codes are transmitted and processed simultaneously. In addition, its sidelobe is also affected by Doppler shift.



	
Bernoulli map code is a set of stochastic independent sequences; hence, the sidelobes are reduced to a relatively ideal state, but it needs more storage units.









2.3. SNR Analysis by Simulation


Statistically, the interference fading caused by irregularities in the reflecting surfaces of the ionosphere obeys Nakagami–Rice distribution. With the rapid fading and time samples of 3 to 7 min (just like the conditions of most ionosondes), the distribution is approximately Rayleigh [27,28,29], so the echo signals fluctuate and are noise-like. In order to further estimate the performance of SNR, the echo signals are simulated by adding noise with Rayleigh distribution. Figure 2 shows the ACFs of the four different coding sequences with different SNRs (−5 dB, −12 dB, −17 dB, and −20 dB, respectively). Compared with 13-bit Barker code and 16-bit complementary code, the main lobe of the ACF of the 40-bit coding sequence is narrower, and the range resolution is higher. When the SNR is high, at −5 dB and −12 dB, the four coding sequences have the same ability to suppress noise, and the main lobe is very obvious. The 16-bit complementary code still has a strong suppression effect on noise at SNR −17 dB, which is the best among the four codes. When the SNR is −20 dB, the complementary code no longer has an advantage, and the main lobe of the two 40-bit coding sequences is still relatively obvious. In the actual test, if complementary codes are used, the two sequences need to be transmitted successively; if not, the detection period is prolonged and the efficiency of the CCDI system is reduced. Considering the resolution, 40-bit coding should be chosen, and the statistical properties of the Bernoulli map sequences is more attractive to a single 40-bit Barker-like sequence.





3. System Description


3.1. Configuration


The CCDI vertical ionosonde shown in Figure 3 is composed of an antenna unit, a RF transceiver unit, a digital signal processing and control unit, and data processing unit. The block diagram is shown in Figure 4. The antenna unit consists of a pair of orthogonal polarization Δ antennas and switches between transmitting and receiving. The RF transceiver unit includes a transmitting module and a receiving module. The transmitting module amplifies the signal from a digital to analog convertor (DAC) and provides the output to the antenna unit via a polarization switch. The receiving module includes a two-channel front end, which amplifies the bipolarized echo and upconverts it to IF. The digital processing and control unit is a software defined radio (SDR) unit; under the control of the timer, the coding sequence is modulated to the carrier in the digital IQ modulator, the carrier is generated by the direct digital synthesizer (DDS) with the frequency range of 1–30 MHz, and then the modulated digital signal is converted to the analog one via a digital analog convertor (DAC) and provided to the power amplifier for transmission. When receiving, the IF echo signals first pass through the two channels of the receiving module, are bandpass-sampled by the analog to digital converter (ADC), and then converted to the baseband signals by the digital downconverter (DDC). Finally, the baseband signals are transmitted to the computer over the network. The computer sends the system control command and implements data processing. The CCDI system specifications are listed in Table 3.




3.2. Sounding Timing


The CCDI system’s timing of a sounding cycle is present in Figure 5. The transmitted pulse width is 400 μs, which is coded by a 40-bit sequence and 10 μs/bit. The protection interval between transmitting and receiving is 50 ms; hence, the receiving range window is 67.5 km~560.1 km. Instead of range scanning, the receiving signal processing performs full range window sampling with a baseband sampling rate of 2 MHz; the single pulse echo has 6568 sampling points, and the corresponding coding sequence length is 800 sampling points. With 100 times the cumulative average of autocorrelation using the coding sequence, the echo range is determined by the peak value position, i.e., the virtual height,


    h ′  =       i   -   799           c × Tr     2   ×   6568     + 67500 ,   i    ∈     800 , 6568    



(7)




where i is the peak value sample position of the autocorrelation.



The frequency scanning time from 1 MHz to 30 MHz is about 7.36, 3.68, and 1.84 min, corresponding to 25 kHz, 50 kHz, and 100 kHz frequency steps, respectively.





4. Experiment for interference suppression


4.1. Influence of Interference on the ACF of Barker-Like Coding


In the presence of interference, the ACF of Equation (2) can be written as:


    X    τ , 0       =       ∫  - ∞   + ∞        u   t   + I   t       u *     t   -   τ     dt       



(8)




where I(t) denotes the interference.



Due to the complexity of the electromagnetic environment in space, interference is also very complex, usually emanating from different uncertain interference sources, and I(t) represents the superposition of these interferences. If I(t) is coherent with the coding sequence, it may contribute a series of spurious echo signals, and if I(t) is incoherent, it may add extra noise. In the early stage of CCDI system operation, a 40-bit single Barker-like coding sequence was adopted, and nonnegligible interferences occurred in ACF and the consequent ionograms, as shown in Figure 6. The serious impacts of interference occurred near 70 km and at above 500 km virtual height and in the ionograms, with corresponding frequency points between 5 MHz and 13 MHz. From the perspective of the ACFs, the interferences appeared on the shoulders of the curves, and the noise levels increased accordingly. These appearances led to false echo confusion and an increase in salt and pepper noise in the ionograms, so the influences of the interference should be eliminated.




4.2. Interference Suppression by Bernoulli Coding


Instead of using single-sequence coding, it is reasonable to use a set of random sequences to remove the effect of interference. The CCDI system adopts a set of 40-bit Bernoulli map sequences (as mentioned above), and according to Equation (6), the ACF with interference can be expressed as:


       X ( τ , 0 )        ≤      1     N     ∑   i = 1   N   ∫  - ∞   + ∞    u i     ( t ) u   i    *   ( t - τ ) dt      +      1 N   ∑   i = 1   N   ∫  - ∞   + ∞      I ( t ) u   i    *   ( t - τ ) dt       



(9)







Due to stochastic independence between Bernoulli map sequences, the second term to the right of Equation (9) will be accumulatively averaged to zero if N is large enough. Figure 7 shows a comparison of ACFs at different frequencies between Barker-like coding(green) and Bernoulli coding(red); under the same conditions, the ACF of Barker-like coding is also accumulatively averaged N times, where N = 100.



In the actual test, the echo signals often have large external environmental interference at a virtual height of about 50 km and 500 km, especially in the 4–7.5 MHz band. The interference is presumed to be from nearby radio stations or other radar signal sources. The statistical independence of the Bernoulli map sequences makes them perform well in suppressing coherent interference. As can be seen from Figure 7, Bernoulli map coding obviously improves SNR, reduces the noise level, almost perfectly removes interference on both shoulders of the ACF, and yields the maximum SNR improvement (up to 5 dB at 5.775 MHz and 6.175 MHz).




4.3. Effect on Ionograms


The improvement in ACF induced by Bernoulli map coding affects the resulting ionograms. Figure 8 shows a comparison of ionograms between Barker-like coding and Bernoulli map coding (the left and right columns, respectively). In Figure 8a,c,e, the effective sampling points account for 39.6%, 39.8%, and 53% of all points, respectively. Furthermore, in Figure 8b,d,f, the effective points account for 72.8%, 69.4%, and 80.6%, respectively. It can be seen that the Bernoulli Map sequences have a strong suppressive effect on interference and noise compared with the 40-bit Barker-like sequence, which can increase the proportion of effective sampling points by about 30.2% in one detection process.



The ionograms derived from 40-bit Barker-like coding have a large amount of pepper and salt noise, some of which are stronger than the echo traces. Increasing the detection threshold may lead to the removal of a large number of valid echoes and the disconnection of the traces, which cannot guarantee the integrity of the echo traces. In contrast, from Figure 8b,d,f, it can be observed that, in the Bernoulli map ionograms, the traces are intact, only a tiny amount of pretzel noise appears in the ionograms, and the vertical noise is completely suppressed.





5. Conclusions


In this paper, a set of bi-phase Bernoulli map coding sequences is proposed for use in relation to a vertical ionosonde and applied in the CCDI system. The Bernoulli map coding sequences has ideal thumbtack ambiguity function and good statistical performance; its ability to suppress interference and noise was demonstrated through a simulation and field experiment. Compared with 40-bit Barker-like coding, the SNR of Bernoulli map coding can be improved up to more than 5 dB at certain frequencies, and the coherent interference can be almost entirely removed while the integrity of the echo traces is preserved in the resulting ionograms, with the effective sampling points of the echo increased by about 30%; hence, data quality is improved significantly. After conducting our field experiment, Bernoulli map coding was conventionally applied in the CCDI system. Finally, it should be emphasized that Bernoulli map coding may not be unique with respect to its superior performance; any coding approach with good statistical characteristics, such as M sequences, is worth trying.
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Figure 1. In this figure, (a,b) are the ambiguity function and ACF of the 13-bit Barker code, respectively, (c,d) represent that of the 16-bit complementary code, (e,f) represent that of the 40-bit Barker-like code, and (g,h) represent that of the Bernoulli Map. 
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Figure 2. The ACF simulations of the four different coding sequences with different SNRs; (a) 13-bit Barker code, (b) 40-bit Barker-like code, (c) 16-bit complementary code, (d) Bernoulli map code. (1–4) represent the ACFs simulations in different SNRs (−5 dB, −12 dB, −17 dB and −20 dB). 
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Figure 3. Field deployment of CCDI. (a) Antenna unit; (b) system hardware. 
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Figure 4. Block diagram of the CCDI system. 
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Figure 5. Sounding timing of the CCDI system. 






Figure 5. Sounding timing of the CCDI system.



[image: Remotesensing 15 03747 g005]







[image: Remotesensing 15 03747 g006 550] 





Figure 6. Influence of interference on ACF and ionogram. (a) Ionogram; (b–d) ACF of 6.2 MHz, 7.45 MHz, and 9.975 MHz, respectively. Acquisition time (UTC): 06:56:59, 6 April 2022. 
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Figure 7. Comparison of ACFs between Barker-like coding and Bernoulli map coding. In Figure 7, the echo signal acquisition time of the six frequency points is universal time (UT), and the acquisition time was as follows: Barker-like at 06:56:59, 6 April 2022 and Bernoulli at 06:51:43, 7 April 2022. (a–f) The comparison of ACFs at 4.8 MHz, 5.775 MHz, 6.175 MHz, 6.6MHz, 7.075MHz and 7.475 MHz, respectively. 
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Figure 8. Comparison of ionograms between Barker-like coding and Bernoulli map coding. The six subgraphs in the figure are all acquired in universal time (UT). The specific collection time was as follows: (a) 06:10:18, 6 April 2022; (b) 06:06:02, 7 April 2022; (c) 07:31:55, 6 April 2022; (d) 07:13:09, 7 April 2022; (e) 20:09:03, 6 April 2022; (f) 20:05:23, 7 April 2022. 
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Table 1. The sequence generated by Bernoulli mapping.
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	Number
	Code





	   S e  q 0    
	−1,−1,−1,1,1,−1,−1,−1,1,1,1,−1,1,−1,−1,1,−1,1,−1,−1,−1,1,−1,−1,1,1,1,1,1,1,−1,1,−1,−1,1,1,1,1,−1,1



	   S e  q 1    
	−1,−1,−1,−1,−1,−1,1,−1,−1,1,−1,1,1,−1,−1,−1,−1,1,1,1,−1,−1,−1,1,−1,1,−1,1,−1,1,−1,−1,1,1,1,−1,1,1,−1,−1



	…
	…



	   S e  q N    
	−1,1,−1,−1,1,−1,1,1,−1,1,1,1,−1,−1,−1,1,−1,−1,1,1,1,−1,1,−1,−1,−1,1,1,1,1,1,−1,1,1,1,1,1,−1,−1,1
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Table 2. The performance of the coding sequences.






Table 2. The performance of the coding sequences.












	
	13-Bit Barker Code
	16-Bit Complementary Code
	40-Bit Barker-Like Code
	40-Bit Bernoulli Map Code





	PSL (dB)
	−22.28
	/
	−22.50
	−46.02



	ISL (dB)
	−0.70
	/
	−1.94
	−25.50



	NS (dB)
	11.14
	12.04
	16
	16
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Table 3. CCDI system specifications.






Table 3. CCDI system specifications.





	Item
	Specification





	Antenna
	A pair of orthogonal Δ



	Transmitted peak power
	500 W



	Coding sequence
	40-bit Bernoulli or Barker-like



	Coding chip width
	10 μs



	Operating frequency

Frequency step
	1–30 MHz

25 kHz, 50 kHz, 100 kHz



	Receiver bandwidth

IF
	100 kHz

70 MHz



	ADC sampling

Coherent accumulation times
	40 MHz

100



	Detecting rang

Range resolution
	67.5–560.1 km

1.5 km
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